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ABSTRACT: Proteins that encounter unfavorable solvent conditions are prone to
aggregation, a phenomenon that remains poorly understood. This work focuses on myoglobin
(Mb) as model protein. Upon heating, Mb produces amorphous aggregates. Thermal
unfolding experiments at low concentration (where aggregation is negligible), along with
centrifugation assays, imply that Mb aggregation proceeds via globally unfolded conformers.
This contrasts studies on other proteins that emphasized the role of partially folded structures
as aggregate precursors. Molecular dynamics (MD) simulations were performed to gain
insights into the mechanism by which heat-unfolded Mb molecules associate with one
another. Prerequisite for these simulations was the development of a method for generating
monomeric starting structures. Periodic boundary condition artifacts necessitated the
implementation of a partially immobilized water layer lining the walls of the simulation box.
Aggregation simulations were performed at 370 K to track the assembly of monomeric Mb
into pentameric species. Binding events were preceded by multiple unsuccessful encounters.
Even after association, protein-protein contacts remained in flux. Binding was mediated by
hydrophobic contacts, along with salt bridges that involved hydrophobically embedded Lys
residues. Overall, this work illustrates that atomistic MD simulations are well suited for
garnering insights into protein aggregation mechanisms.
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Introduction
The native conformations of typical globular proteins are tightly folded. These proteins possess a
hydrophobic core, while the exterior is dominated by charged and polar side chains that interact
favorably with water.1 In addition to the hydrophobic effect, native proteins are stabilized by Hbonds, van der Waals contacts, salt bridges, and (sometimes) disulfide bonds.2, 3 Unfolding can be
triggered by exposure to non-physiological temperatures, extremes of pH, or chemical denaturants.46

Many unfolding transitions show two-state behavior (N  U),7-10 although partially folded

intermediates can become populated for some proteins.11-13
Protein aggregation is an enigmatic phenomenon that is closely intertwined with the question
how proteins fold and unfold.14, 15 Aggregation refers to the assembly of proteins into non-native
higher-order structures. The widespread interest in protein aggregates is based on their involvement
in various diseases, including Alzheimer’s and Parkinson’s, ALS, and many others.16-21 Also,
aggregation can limit the shelf life and efficacy of protein therapeutics such as monoclonal
antibodies.22 Aggregates of such protein therapeutics have been linked to adverse immune
responses.23 Understanding the mechanisms of protein aggregation in vitro and in vivo, therefore, is
of great interest for a wide range of applications.
Protein aggregates come in many shapes and sizes.14, 16 Their heterogeneous and disordered
nature usually precludes the application of high-resolution structure determination methods. Even
the use of standard spectroscopic tools (such as CD spectroscopy) is challenging due to light
scattering and solubility issues.24 As a result, the structures of aggregates and their formation
mechanisms remain poorly understood.14, 16, 25 Many practitioners will have witnessed aggregation
in samples that were unstable. Such aggregates tend to be amorphous and micrometer sized, causing
Rayleigh scattering that gives the degraded samples a turbid (“cloudy”) appearance.24,

26-28

Amorphous aggregates are insoluble, and they can be collected as a pellet after spinning the samples
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in a standard centrifuge.26, 27, 29, 30 Various numerical approaches have been applied for modeling the
formation kinetics of amorphous aggregates.28, 31 Aggregation of most proteins is based solely on
noncovalent contacts.16 The intermolecular clustering of hydrophobic side chains appears to be
highly important in this context,14,

32, 33

sometimes in combination with H-bonding across

intermolecular -sheets.24, 34, 35 Other types of interactions may participate as well,14 including
intermolecular disulfide bridges for Cys-containing proteins.36, 37 Amyloid fibrils are a special type
of aggregate that is relatively ordered and has a cross- structure.16, 38, 39 Although amyloid is
associated with numerous diseases,16 the actual cytotoxic species are likely not full-length fibrils but
smaller oligomers.20, 40-42
Aggregation can be promoted by exposing proteins to destabilizing conditions.43 Heating is
particularly effective in this regard,44-47 especially for solutions that are highly concentrated.14, 29, 33
In contrast, heating at low concentration favors reversible unfolding such that thermodynamic
parameters can be measured, e.g., by differential scanning calorimetry (DSC) or in optical
experiments.10,

48

Chemical denaturants such as urea and guanidinium hydrochloride tend to

solubilize non-native chains, such that aggregation is less prevalent than with heating.24, 49
Two main aggregation mechanisms have been proposed in the literature. Many studies
emphasize the role of partially folded intermediates as aggregate precursors (N  Partially Folded
 Aggregated).16, 17, 45-47, 50, 51 Others envision that aggregation commences from globally unfolded
conformers (N  U  Aggregated).35, 52-55 In either case, aggregates start out as small soluble
complexes that grow into larger insoluble assemblies as more and more chains associate with the
initial nuclei.21, 30, 56 In addition to aggregation in bulk solution (which is the topic of the current
study), there is also the possibility of aggregation at liquid/vapor interfaces, e.g., in solutions that
contain air bubbles.57, 58
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Molecular dynamics (MD) simulations have become a key tool for exploring protein folding
and dynamics.59-63 Surprisingly, this technique remains under-utilized when it comes to protein
aggregation, as there are only relatively few MD investigations in this area. Most of those studies
have focused on amyloid formation20, 64-69 using simple coarse-grained force fields with or without
explicit solvent.68 Some others explored specific aspects of aggregation, such as cytotoxic SOD1
oligomers,40 urea effects on short peptides,70 and cataract formation from crystallin.33 However,
there have been very few attempts to model the formation of amorphous aggregates from common
globular proteins using atomistic MD simulations with explicit solvent.
To enhance the general understanding of protein aggregation, the current work examines the
behavior of myoglobin (Mb) at elevated temperature. Mb is a well suited model for this purpose,
because of its paradigmatic role in earlier studies related to protein structure determination,71
folding/unfolding,5, 11 thermodynamics,48 conformational fluctuations,72 and amyloid formation.73
Native Mb has a globular structure that comprises eight helices (A-H), with a hydrophobic core and
a hydrophilic exterior.74 Among its 153 amino acids there are no Cys residues, eliminating
complications related to disulfide bonding. Heating of Mb triggers the formation of amorphous (i.e.,
non-amyloid)14 aggregates.24, 35 IR spectroscopy suggests that these aggregates have partial -sheet
structure, and that some of the -sheets are involved in intermolecular H-bonding.24, 35 Just like for
other aggregates, hydrophobic contacts and other types of interactions likely play a role as well.14,
32, 33

Molecular details of Mb aggregation remain unknown. Here we perform experiments and

atomistic MD simulations in explicit solvent to uncover mechanistic aspects of heat-induced Mb
aggregation. We find that aggregation proceeds through the interaction of globally unfolded chains,
and we provide detailed insights of the highly dynamic events that culminate in the formation of
higher order assemblies.
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Methods
Optical Experiments. Horse-heart ferri-Mb was from Sigma (St. Louis, MO). Initial stock solutions
prepared at room temperature were centrifuged to remove small amounts of insoluble debris. All
samples contained 50 mM sodium phosphate buffer and 100 mM NaCl in water at neutral pH.
Circular dichroism (CD) data were acquired between 20 °C and 96 °C on a Jasco J-810 instrument
(Easton, MD) with a 1 mm cuvette using 5 µM Mb. Unfolding profiles were generated by monitoring
the CD signal at 222 nm. These profiles were analyzed using the expression2, 10
∆
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/

(1)

where the free energy of unfolding is G(T) = H(1 – T/Tm), and where Tm denotes the melting
temperature. Following established protocols,10 the enthalpy of unfolding (H) was assumed to be
constant for the temperature range considered here. The (yN + mNT) and (yU + mUT) terms in eq. 1
represent the pre- and post-transition baselines, respectively. From the fitted parameters, the fraction
of globally unfolded protein fU can be calculated as
∆
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(2)

Aggregation assays were conducted by immersing Mb samples at concentrations between 5 M and
100 M in a T-controlled water bath for various time intervals (6 s to 100 min). The samples were
then centrifuged (10 min, 13000 g) for precipitate removal, and the supernatant was analyzed using
a Cary 100 spectrophotometer (Varian, Mississauga, ON) to quantify the leftover soluble Mb at 409
nm. Some of the samples had to be diluted to ensure absorbance readings < 1.
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Molecular Dynamics Simulations. Atomistic MD simulations were conducted using Gromacs
2018.375 with the CHARMM3676 and CHARMM36m77 force fields in TIP3P water.78 CHARMM36
was chosen because it has been shown to perform well for modeling protein folding/unfolding and
dynamics at elevated temperature,59 which is particularly relevant for the current study. In addition,
we used CHARMM36m which has been designed for modeling folded proteins as well as
intrinsically unfolded chains.77 Periodic boundary conditions (PBC) were applied with an initial
minimum distance of 1 nm between proteins and the boundaries of the cubic simulation box.
Following steepest descent energy minimization, all runs employed 100 ps of NVT and 100 ps of
NPT equilibration, prior to NPT production runs. The total number of protein and solvent atoms was
roughly 106. Non-bonded interactions used a 1.2 nm cutoff, and long-range electrostatics were
treated using Particle-mesh Ewald (PME) summation.79 The temperature was kept at 370 K using a
modified Berendsen (V-rescale) thermostat,80 and the pressure was kept at 1 bar using the ParrinelloRahman barostat.81 All runs were performed using leapfrog integration with a 2 fs time step.
Randomly selected water molecules were replaced with Na+ and Cl- ions, bringing salt concentration
to 0.15 M which matches the ionic strength used in experiments. Additional details are outlined
below, including (i) the production of thermally unfolded starting conformations and (ii) the
implementation of a position-restrained water layer along the walls of the simulation box which
overcomes PBC artifacts (see the sections Unfolded Starting Structures for Aggregation Simulations
and Aggregation Simulations: Overcoming the PBC Problem).

Results and Discussion
Thermal Aggregation Experiments. As an initial step, we characterized the heat-induced
aggregation of Mb experimentally, with the goal of establishing realistic conditions for subsequent
7

MD simulations. Thermal aggregation was probed by heating of aqueous Mb solutions, followed by
centrifugation for removal of precipitated aggregates. UV-Vis spectroscopy was then used to
quantify the residual (non-aggregated) protein. Aggregation was negligible for samples that had
been heated for 20 min regardless of protein concentration, as long as the solution temperature did
not exceed 348 K (Figure 1A). At higher temperatures aggregation became prevalent, especially for
high concentrations. For example, exposure of 100 M Mb to 358 K for 20 min caused almost
complete aggregation (Figure 1A). For temperatures above 348 K, aggregation became more
prevalent when the heat exposure time was increased (Figure 1B). Overall, the assays of Figure
1A,B confirm the expected trends,11, 29 i.e., an increase of aggregation with increasing temperature,
protein concentration, and time.

Relationship between Global Unfolding and Aggregation. The aforementioned experiments
revealed that Mb aggregation can be prevented by using low protein concentrations (5 M). These
conditions were used for unfolding experiments that monitored changes in -helicity by CD
spectroscopy at 222 nm.82 Thermal unfolding data generated in this way are exemplified in Figure
1C. CD melting experiments were repeated five times at scan rates of 1 K min-1 and 4 K min-1. The
profiles obtained in this way were all very similar. Fits on the basis of eq. 1 resulted in Tm = 356.2
 0.6 K and H = 450  20 kJ mol-1.
Evidently, eq. 1 describes the experimental melting profiles very well (Figure 1C). This
equation is based on a two-state model.10 In other words, our data indicate that thermally-induced
global breakdown of the Mb helical structure can be approximated as a N → U two-state process.
This finding is supported by DSC data,48 and by the fact that Mb melting shows a ~204 nm
isodichroic point83 that represents a hallmark of two-state helix → coil transitions.84 Despite the
two-state character of this transition, IR data reveal that global unfolding is preceded by subtle
8

conformational changes around 330 K,85 i.e., ~26 K below the global unfolding transition of Figure
1C. Mass spectrometry experiments have attributed this pre-transition to heme loss from the
protein.86
Figure 1D compares Mb aggregation with the fraction of globally unfolded protein (fU, from
eq. 2). Even at the highest concentration, aggregation is negligible up to T = 348 K where the fraction
of globally unfolded protein remains close to zero (fU ≈ 3% at 348 K). For higher temperatures fU
rises sharply, concomitant with dramatically increased aggregation. Hence, the aggregation
propensity is closely correlated with the fraction of globally unfolded Mb. In contrast, the
aforementioned heme loss at ~330 K is not sufficient for triggering aggregation. Taken together,
these data strongly suggest that thermal aggregation of Mb proceeds from the globally unfolded
state, via a mechanism that can be expressed (in simplified form) as N  U  Aggregated. IR data
on Mb support this mechanism35 which also seems to be operative for some other proteins.52-54 We
do not rule out that there are proteins that aggregate via partially folded intermediates,16, 17, 45-47, 50,
51

but aggregation of heated Mb appears to result from the interaction of globally unfolded chains.
Overall, the experiments of Figure 1 identify suitable conditions for the subsequent MD runs.

Accordingly, we performed aggregation simulations on heated proteins that were completely
unfolded, rather than using semi-folded conformations. The simulations were performed at 370 K
to reflect the fact that aggregation is most pronounced at the highest temperatures.

Aggregation Simulations: Overcoming the PBC Problem. MD simulations on proteins in
solution generally use PBC to avoid surface artifacts. With this approach, a quasi-infinite bulk
system is generated by surrounding the simulation box with identical copies of itself.75 The box has
to be small enough to ensure that computational cost remains manageable. On the other hand, the
box has to be sufficiently large to preclude the protein from interacting with its periodic images. A
9

~0.75 nm minimum distance of protein atoms from the walls is usually sufficient to avoid such
undesired crosstalk.63 Traditional MD runs do not restrict the translational diffusion of proteins or
solvent molecules. For simulations on single proteins this is unproblematic because atoms that
diffuse out of the box on one side are added back on the opposite side. For displaying an intact
protein that has partially left the box, one can simply translate the box boundaries (Figure 2A).
PBC can become problematic when simulating two or more proteins that move
independently. This is illustrated in Figure 2B (top), where the red and blue proteins are initially
well separated from their periodic images. Figure 2B (bottom) shows a later time point, where
diffusion has caused the red protein to protrude out of the box. This scenario triggers the formation
of red/blue binding interactions both within the box and across PBC boundaries. The PBC algorithm
will treat such a system as an infinite …red/blue/red/blue… chain-like protein complex. Such an
infinite assembly is physically unreasonable, because the only complex that should be able to form
from two protein molecules is a dimer.
Early tests revealed that the problem of infinite aggregates was highly prevalent when
employing standard PBC. Figure 2C (top left) shows two unfolded Mb molecules in a PBC box at t
= 0. The two Mb molecules subsequently associated with each other inside the box. In addition, the
red protein protruded from the simulation box into the adjacent PBC image, where it was in contact
with the blue chain (Figure 2C, top right). When visualizing the system with its PBC images, it
becomes clear that this situation represents an infinite array of Mb molecules with red/blue binding
interactions within the box and across box boundaries (Figure 2C, bottom).
To summarize, standard PBC can cause unrealistic protein-protein interactions across box
boundaries. The problem is exacerbated for unfolded chains that frequently protrude out of the box
because of their conformational flexibility. Such conditions promote physically unreasonable

10

binding among PBC images, resulting in infinitely large aggregates (Figure 2B,C). This is in contrast
to simulations of single folded proteins, where PBC are unproblematic (Figure 2A).63
How can these infinite aggregate artifacts be avoided? A brute force approach would be to
increase the box size. However, this would dramatically increase the simulation time because of (i)
the ballooning number of atoms in the system, and (ii) because diffusion-based protein encounters
(which are a prerequisite for aggregation) would become exceedingly rare. Similarly, conducting
simulations without PBC is not advisable because (i) this would surround the system with an
unrealistic liquid/vapor interface, and (ii) it would preclude the use of PME summation79 thereby
causing electrostatic artifacts.63 Here we developed an approach that solves the problem of infinite
aggregates while avoiding the aforementioned undesired issues (Figure 2D). A thin layer of water
molecules adjacent to the PBC box walls were partially immobilized. This was achieved by
restraining the corresponding oxygens with a harmonic force constant of 1000 kJ mol-1 nm-1 in all
three directions, while hydrogens were able to reorient freely. All other water molecules remained
unmodified. The position-restrained water layer prevented proteins from venturing beyond the box
boundaries, thereby precluding protein-protein binding among PBC images. A 0.3 nm thick water
layer was found to be sufficient for this purpose. A possible concern with this strategy is that proteins
might interact with the partially immobilized water via adsorption to the PBC walls. Gratifyingly,
careful inspection of the aggregation trajectories discussed below did not reveal any evidence of
such undesired interactions.
In conclusion, the implementation of a position-restrained water layer allows the use of
standard PBC/PME methodology, while eliminating the problem of infinitely long aggregates. To
the best of our knowledge, previous aggregation simulations in the literature did not apply any
safeguards to address this problem. Consequently, it is possible that some previous studies
inadvertently generated aggregates that suffered from physically unreasonable protein interactions
11

across box boundaries. After all, such artifacts tend to go unnoticed, unless the simulation box is
examined together with its PBC images (as in Figure 2C, bottom panel). To exclude such artifacts,
we used the “water box” strategy of Figure 2D for all aggregation simulations of this work.

Unfolded Starting Structures for Aggregation Simulations. The experiments of Figure 1 revealed
that Mb aggregation proceeds from thermally unfolded conformers. Prior to conducting simulations
on the aggregation process, we had to produce suitable unfolded starting structures. It would be
ineffective to expose native Mb to a high solution temperature until thermal unfolding takes place,
because large activation barriers would cause very long simulation runs.59, 87
Here we instead generated unfolded conformers using a streamlined approach. The Mb Xray coordinates 1wla74 were initially placed in vacuum with all titratable sites protonated. The
temperature was then ramped from 300 K to 1000 K over 100 ns. As demonstrated previously,88 the
highly charged (33+) chains adopted near-linear conformations that did not retain any memory of
the native state (Figure 3A, t = 0). Heme was not included, reflecting the labile nature of hemeprotein contacts under denaturing conditions,5 specifically during thermal unfolding.86 All titratable
sites were then returned to their pH 7 charges (N-terminus+, Arg+, Lys+, His0, Glu-, Asp-, C-terminus), for a net protein charge of zero. Following solvation of the protein in water with 150 mM NaCl at
370 K, the linearized chains were allowed to relax for 50 ns, resulting in random coil conformations
(Figure 1A). Radius of gyration vs. time plots revealed that relaxation was complete after ~30 ns
(Figure 3B). In agreement with previous work,59,

88

the heat-unfolded chains were relatively

compact, highly dynamic, showed occasional loose clustering of hydrophobic side chains, but did
not possess any persistent secondary or tertiary structure. In other words, the relaxation runs of
Figure 3 did not cause refolding, which would require much longer time scales (µs to s) and lower
temperatures.59, 89 CHARMM36 and 36m produced very similar data (Figure 3B). Heat-unfolded
12

Mb structures generated in this way served as starting points for the subsequent aggregation
simulations.

Overview of Aggregation MD Data. All simulations were performed at 370 K, in accordance with
the experiments of Figure 1 which demonstrated that aggregation was most pronounced at the
highest temperatures. Aggregation runs started with two heat-unfolded proteins that were placed in
a PBC box. Following dimerization, an additional protein was inserted. This was repeated until
pentameric aggregates had formed. All monomers were added in random positions and orientations,
using slightly different box sizes (17 ± 2 nm)3 for each insertion event. Each monomer had a different
unfolded conformation, selected in 5 ns intervals from the 370 K runs of Figure 3 (50 ns, 45 ns, 40
ns, …). Once protein-protein contacts had been established, newly formed aggregates were allowed
to equilibrate for 15 to 45 ns prior to addition of the next monomer. The sequential addition of
monomers (as opposed to adding all chains at once) helped avoid excessively high initial protein
concentrations.67
Four simulations (two CHARMM36 and two CHARMM36m runs) were performed to track
the aggregation of heat-unfolded Mb up to the pentamer level. Snapshots for one of these runs are
shown in Figure 4, illustrating the association of two thermally unfolded monomers into a dimer,
with subsequent trimer, tetramer, and pentamer formation. The association time required for newly
added monomers was variable, ranging from tens to hundreds of nanoseconds. The pentameric
aggregates generated in the four runs were quite different, i.e., we did not observe any preferred
structural arrangements or binding interfaces (Figure 5). The protein backbone in the pentameric
aggregates was mostly coiled, although there were a few short -helical and -sheet segments. Two
pentamers had their Mb building blocks arranged in a globular fashion (Figure 5B, C), while the
other two resembled beads on a string arrangements (Figure 5A, D). We did not observe any
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systematic differences between CHARMM36 and 36m runs, suggesting that the results obtained do
not critically depend on the force field parameters.
Overall, it is gratifying that our MD simulations reproduced the experimentally observed
behavior, where heat-unfolded Mb monomers readily associated into noncovalently bound
aggregates. We are not aware of any previous simulations that so clearly demonstrated the
propensity of thermally unfolded proteins to nonspecifically associate with one another. The linear
dimensions of the pentameric aggregates in Figure 5 were on the order of 9 to 12 nm. This is much
smaller than the experimentally observed aggregates which comprise many more monomeric units
(Figure 1).24, 26, 27 Nonetheless, the data of Figures 4 & 5 provide an atomistic view of the initial
steps en route to these experimentally detectable large, amorphous assemblies.

Protein-Protein Contacts. Figure 6 illustrates the types of intermolecular contacts responsible for
the aggregation of heat-unfolded Mb. Most of these contacts involved the clustering of hydrophobic
side chains, in particular Leu, Ile, Phe and Tyr. In native Mb, these residues are sequestered in the
interior.74 In contrast, for the heat-unfolded monomers generated here (Figure 3), many hydrophobic
sites were solvent accessible and ready to engage in contacts with other proteins. The dominance of
hydrophobic intermolecular contacts for the aggregates formed in our MD runs is consistent with
earlier proposals on the properties of amorphous aggregates for various proteins.14, 32, 33
Most of the protein-protein interfaces formed in our simulations also involved salt bridges,
either Lys+/Asp- or Lys+/Glu-. Participation of Arg+ was rare, reflecting the low number of Arg
residues in Mb (153 amino acids in total, 19 Lys, 2 Arg).74 Interestingly, the majority of these Lyscontaining salt bridges were closely embedded into networks of hydrophobic contacts. The
participation of Lys (one of the most hydrophilic residues)2 in hydrophobic packing may seem
surprising. However, one has to remember that the hydrophilicity of Lys is mediated only by the
14

terminal -NH3+ group. This charged site is tethered to a long aliphatic -CH-[CH2-]4- moiety that
gives Lys the capability to also participate in hydrophobic contacts.3,

90

Examples of such

hydrophobically reinforced salt bridges include Tyr103/Leu115/Lys118/Asp109/Tyr103’/Leu149’
(Figure 6A) and Leu104/Lys147/Asp68’/Leu61’ (Figure 6B). For all the intermolecular salt bridges
formed in our simulations, the terminal charge-charge contacts were partially solvent accessible.
Very similar types of hydrophobic contacts and hydrophobically reinforced salt bridges were also
found in the larger aggregates formed in our MD runs (Figures 4 & 5). Unfortunately, a detailed
graphic analysis of those interfaces is complicated by the large number of participating residues,
prompting us to only highlight the dimeric contacts of Figure 6.

Aggregation Dynamics. Given the seemingly low specificity of intermolecular contacts in
aggregated Mb (see previous section), one might expect that any encounter of heat-unfolded chains
would trigger protein-protein binding. Interestingly, our simulations revealed a different behavior,
exemplified in Figure 7 for the formation of a dimeric aggregate. Those data show MD snapshots
taken over a ~40 ns time period during which the two proteins underwent at least six
association/dissociation events, prior to semi-permanent binding at t ≈ 150 ns. Transient encounters
between t = 120 ns and 150 ns involved various van der Waals and charge-dipole contacts, even the
simultaneous formation of two salt bridges (Figure 7, 138 ns). However, all of these early encounters
were followed by dissociation of the two proteins. The key event that resulted in more permanent
protein-protein interactions at t ≈ 151 ns was the association of several hydrophobic residues. Even
after this t ≈ 151 ns binding event, the interface remained highly dynamic. Between 151 ns and 161.5
ns (bottom row of Figure 7), all of the initially formed hydrophobic and salt bridge contacts were
swapped out with other contacts, while the two proteins remained associated with one another.

Conclusions
15

The in vitro aggregation of heat-unfolded proteins such as Mb ultimately produces micrometer sized
(or even larger) amorphous assemblies.24, 26, 27 Unfortunately, such large systems are beyond the size
range that is accessible to atomistic MD simulations. The current work for the first time provides
detailed in silico insights into the initial steps of these assembly processes, from heat-unfolded
monomers to pentameric aggregates. The assembly mode pursued in our MD runs, where aggregates
grow via attachment of monomers, will dominate the early stages of aggregation because monomers
are the most abundant solution species early during the reaction. Growth via monomer attachment
may continue even for larger assemblies, as proposed for A fibrils68,

91

and other types of

aggregates.21 An alternative scenario for the Mb system studied here is that large aggregates arise
from binding of smaller oligomers to one another.
Our MD data support the view14, 32, 33 that aggregation is mediated mainly by intermolecular
hydrophobic contacts. Native globular proteins have a lower aggregation propensity because most
hydrophobic sites are sequestered in the core without solvent access.1, 74 In comparison, aggregation
is greatly favored after heat-induced unfolding, when these hydrophobic sites become exposed to
solvent where they are poised to form intermolecular contacts. Our data demonstrate that an
additional contributor to aggregation is the formation of intermolecular salt bridges with
hydrophobically embedded Lys side chains. The role of such salt bridges has not received a lot
attention in the previous aggregation literature.
Earlier studies reported evidence for H-bonding across intermolecular -sheets in amorphous
aggregates of some proteins.24, 34, 35 Somewhat surprisingly, the aggregates formed in our MD runs
did not form such -sheet contacts (Figure 5). Evidence for -sheets in aggregated Mb comes from
experiments on much larger assemblies that had been allowed to equilibrate for minutes to hours.24,
35

We therefore suspect that -sheet H-bond contacts form during consolidation processes on time

scales that are beyond the ns - µs range explored in our simulations. Future computational studies
16

using coarse-grained models might be able to explore these longer time scales and larger systems,
albeit at the risk of omitting other molecular details.68, 69, 92
It is tempting to speculate on the implications of our findings for the aggregation of other
small, single-domain proteins. The experiments of Figure 1 imply that Mb and some other proteins35,
52-55

aggregate via globally unfolded chains (N  U  Aggregated). This view contrasts reports

that emphasize the role of partially folded species (N  Partially Folded  Aggregated).16, 17, 45-47,
50, 51

It is possible that both models are adequate, and that the mechanisms are protein-specific.

Alternatively, global unfolding may play a more central role than previously thought, i.e., formation
of U could be an obligatory step for aggregation of most proteins. In other words, we speculate that
even proteins with purported “aggregation-prone” semi-folded species might actually follow a
mechanism such as N  Partially Folded  U  Aggregated. Support for this idea comes from the
fact that conditions favoring partially folded structures will also give the globally unfolded state a
relatively high Boltzmann weight.93 We reiterate that these considerations apply to small, singledomain proteins. The situation is likely different for larger systems such as IgGs, where individual
domains unfold sequentially, and where unfolding of one domain may be sufficient for triggering
aggregation.94, 95 It is hoped that future studies will shed additional light on these and other questions
related to protein dynamics and aggregation. The computational strategies devised in the current
work seem well suited for tackling many of these issues.
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Figure 1. Mb aggregation monitored by UV-Vis spectroscopy as a function of protein concentration,
temperature, and time. (A) Aggregation after 20 min of heat exposure at different Mb concentrations.
(B) Aggregation of 100 M Mb at different temperatures. (C) Thermal unfolding of 5 M Mb
monitored by CD spectroscopy at 222 nm, with a fit based on eq. 1. (D) Colored data represent the
fraction of aggregated Mb after 20 min of heat exposure at different protein concentrations. Also
shown in panel D is the fraction of unfolded protein (fU), deduced from the CD data via eq. 2.
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Figure 2. Illustration of PBC-related issues. In all cases, the simulation box (black) is surrounded
by PBC images; however, most PBC images have been omitted for clarity. (A) MD simulation
cartoon of a protein (red) with two adjacent PBC images. Protein diffusion (red arrows) can be
accommodated by simply shifting the box boundaries. (B) MD simulation cartoon of two proteins.
One protein (red) partially diffuses out of the box and binds to the blue protein. Because of PBC,
this produces an infinitely long aggregate. (C) Illustration of the infinite aggregate problem using
MD data for two unfolded Mb chains. (D) “Water box” strategy used in the current work. Proteins
are confined to the PBC box using a thin layer of position-restrained water molecules. Water in the
front and back, as well as interior water has been omitted for clarity. The approach of panel D
prevents the formation of infinite aggregates.
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Figure 3. MD data, illustrating the production of unfolded monomeric Mb conformers for
subsequent aggregation simulations. (A) MD simulation snapshots for different time points,
illustrating the collapse of an initially stretched-out chain into a random coil. (B) Radius of gyration
(Rg) vs. time for two CHARMM36 (C36) and two CHARMM36m (C36m) runs. Structures in panel
A were taken from C36 Run 1. Simulations were performed in TIP3P water at 370 K.
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Figure 4. MD simulation snapshots, illustrating the stepwise assembly of a pentameric Mb
aggregate from thermally unfolded monomers. Each monomer is shown in a different color. Panels
on the right show the structures of aggregated complexes, just prior to addition of a new monomer
into the simulation box. The cumulative simulation time is indicated in each frame. The data shown
here were generated with the CHARMM36 force field.
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Figure 5. Backbone structure of pentameric aggregates generated with CHARMM36 (A, B) and
CHARMM36m (C, D). Individual Mb chains are shown in different colors. Secondary structure
elements were identified using the Pymol ‘dss’ command. The cumulative simulation time is
indicated in each panel.
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Figure 6. Aggregated Mb dimers generated with (A) CHARMM36 after 170 ns, and (B)
CHARMM36m after 20 ns. Side chains involved in intermolecular contacts are shown in spacefill
representation (hydrophobic residues Leu, Ile, Phe, Tyr, and charged residues Lys+, Asp-, Glu-).
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Figure 7. MD snapshots, displaying the formation of a dimeric aggregate from two heat-unfolded
Mb molecules. Time points are indicated for each panel. The two chains are displayed in magenta
and yellow. Residues involved in intermolecular contacts are colored in blue (Lys+/Arg+), red (Glu-,
Asp-), green (hydrophobic: Leu, Ile, Val, Phe, Tyr), and gray (all others). Data were generated with
CHARMM36; the subsequent 170 ns time point is shown in Figure 6A.
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